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ABSTRACT
This paper presents new experimental data on the shattering of water
droplets in supersonic airstreams. Water droplets, created by using a
vibrating capillary technique, were introduced into the test section of a
shock tube where they interacted with the convective flow established by
the passage of an incident shock wave. A series of experiments are described
in which the initial droplet diameter, convective flow Mach number, and air-
stream density were systematically varied to obtain results covering a wide
range of aerodynamic conditions. High speed photographic techniques utili-
zing both image converter and rotating drum type cameras were used to
photograph the disintegration process in its entirety. The data obtained
from the photographs is presented and interpreted to yield such quantities
of interest as the breakup time and distance, the drag coefficient, the
secondary droplet (or residue) size, and etc. Correlations are presented
vhich indicate that the results can be analyzed in terms of a non-dimensional
breakup time.
*Assistant Professor, School of Aeronautics, Astronautics, and Engineering
Sciences.
+Professor, Department of Aerospace Engineering.
The work reported here was conducted under NASA Contract NASr 54(07).
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	 1. INTRODUCTION4
The supersonic flight of a vehicle through the atmosphere is character-
ized by the production of a high speed flow field in the region of separa-
tion between the vehicle's surface and its bow shock nave. The physical
and geometrical properties of this flow field are determined primarily by
the shape of the vehicle and by its flight Mach number and altitude. Should
the vehicle encounter a rain storm or a cloud, the droplets would be exposed
to the flow field and perhaps shattered by the aerodynamic forces before
striking and possibly damaging the surface of the vehicle. Thus the
shattering phenomenon can play an important role in the alleviation of rain
erosion problems connected with high speed flight in the atmosphere.
Aside from the work of the authors 1 12,3 , the most recent studies con-
ducted on the aerodynamic breakup of liquid drops haves been reported by
Engel4 , NicholsonS , and Reineeke6 ; all of whom employed shock tubes to
generate the test conditions for their experiments. For an extensive
survey of the literature on this subject, however, one should refer to
Refs. 1 and 3. In the paragraphs which follow a series of experiments
are described and the data presented and analyzed to give new results for
the breakup problem under severe aerodynamic conditions.
2. EXPERIMENTAL AIW.NGE:VM
The water droplet shattering experiments were conducted in a pressure
driven shock tube facility especially designed for this purpose. A detailed
description of the entire facility is contained in Ref. 3. The lengths of
the driver and the driven sections of the tube were chosen to insure the
availability of an adequate testing time over a wide range of operational
conditions. All of the testing was confined to the convective flow region
between the incident shock front and the interface separating the driver
from the driven gas. Both high pressure nitrogen and helium were used as
driver gases to create normal shock waves in air having Mach numbers as high
as MS • 5.7. The initial air pressure in the driven section, corresponding
to a desired pressure altitude, was pre-set and controlled through the use
of a vacuum system and a bleed valve.
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The test section of the shock tube facility is shown in Fig. 1 where
elements of the droplet generator and the photographic system are also
visible. The shock waves produced in the tube propagate from the right
toward the left through the windowed section where tae interaction phenomena
between the shock induced convective flow field and the droplets were
photographed. The evenly spaced vertical lines appearing along the window
are fiducial markers to aid in the data reduction from the photographs.
Water droplets of various sizes were created for the experiments by
using a vibrating capillary technique. A detailed account of droplet pro-
duction using this method is contained in Ref. 3 and in a paper by Dabora7.
Once generated, the stream of droplets were allowed to fall vertically
through the test section and into a collection container fastened, as
shown in Fig. 1, to the bottom of the shock tube directly beneath the drop-
let generator. The droplets formed in this manner were highly stable and
reproducible and, hence, ideal for such experiments.
Both an image converter and a rotating drum camera photographic system
were employed to obtain a pictorial record of the breakup phenomena. The
image converter camera, shown in Fig. 1, was used to take a series of
individual time-resolved shadow photographs. The droplets were back-lighted
with a high intensity light source and the operation of the image tube was
synchronized with the passage of the shock -save through the test section.
Streak photographs of the breakup process were obtained by using a
rotating drum camera as shown in Fig. 2. As indicated in the diagram, the
streak photographs of a single disintegrating droplet were taken by placing
a narrow horizontal slit in the eollima:ed light path. Again the droplets
were illuminated by a bright light source Which was synchronized to operate
when the shock wave passed by.
3. EXPERIMENTAL RESULTS
A large number of experiments were conducted, with both large and small
water droplets under a variety of cerodynamic conditions, in order to collect
a sufficient amount of data from which useful correlations could be made.
The image converter pictures provided a wealth of information with regard
to the details of the shattering; e.g. the droplet deformation, the breakup
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Imechanism, the droplet displacement, the time required for a droplet to be
completely destroyed, etc. On the other hand, the rotating drum camera
captured the entire breakup process in one continuous writing from the
moment the shock first made contact with a drop until it had been totally
	
i	 disintegrated.
Many of the details of the shattering process can be observed in the
photographs which appear in Fig. 3. These are image converter pictures taken
of a stream of 750u water droplets interacting with the convective flow
induned by a Mach two incident shock ww-a. The incident shock wave moves
from the left toward the right across the stream of droplets setting in
motion a flow having a convective velocity (U 2 ) approximately equal to
1400 ft/sec, a convective Mach number (M2 ) approximately equal to unity,
and a dynamic pressure (q2 ) equal to 50 psia. The initial pressure and
temperature in the test section were, respectively, 1 atmos. and 75°F. The
time in micro-seconds, indicated beneath each photograph, is a measure of
the time elapsed between the moment of initial impact wich the shock front
and th- ,
 instant at which the picture was taken.
These photographs clearly show the effects of both the pressure and the
	
:..j
	
viscous forces of the airstream on the droplets. One observes that the
distributed pressure forces rapidly push or squash the droplet mass into
a lenticular shape having a diameter several times that of an undisturbed
droplet. Then, while the pressure forces are deforming the drop, the
viscous forces exerted by the airstream on the droplet surface apparently
erode the liquid surface away through what appears to be a boundary layer
stripping mechanism. This material which is stripped away from the surface
forms a wake of micro-mist behind the drop as is c.irident in the photographs.
Under supersonic convective flow conditions the flow field of a dis-
integrating drop is characterized by the presence of a bow shock wave as
seen in Fig. 4. For this particular experiment, the initial pressure and
temperature of the air in the test section were the same as those given for
the data in Fig. 3; however, the convective Mach number was equal to 1.5,
the convective velocity was approximately 3000 ft/sec, and the dynamic
pressure was 325 Asia. Unlike the photographs of Fig. 3, the liquid removed
from the surface under these flow conditions converges into a wake having a
triangular shape.
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An analysis of the shapes of the windward surfaces of all of the various
droplets photographed indicated that the droplets were deformed into ellipiti-
cal shapes as shown, for example, in Fig. 5. The diagram comprising Fig. 5
is taken directly from the enlarged photograph shown in F!-. 4. The shaded
portion in the figure represents the volume which the original droplet mass
would occupy assuming that the deformed droplet shape is a planetary ellip-
soid having a planar leeward surface. The eccentricity of the ellipse
changed as the drop was accelerated.
Same of the data obtained from the imago converter pictures, such as
those shown in Figs. 3 and 4, is displayed in Figs. 6 and 7. Figure 6
shows the variation of the normalized drop diameter plotted against the
dimensionless time while Fig. 7 gives the dinensionless displacement history.
The dimensionless time parameter T originated from an analysis presented in
Ref. 2. These figures demonstrate quite clearly that both the deformation
and the acceleration histories of both large and small droplets subjected
to widely diverse aerodynamic conditions exhibit a striking dynamic similar-
ity when cast in these dimensionless terms. Complete droplet breakup is
indicated when 4 !. -T < 5.5 thus giving a dimensionless breakup distance
20<x<30.
Determinations of the shape of the windward face of the drop from the
image converter photographs along with conservation of mass suggests that
the drop shape may change in manner shown in Fig. 8.
A sample of the type of data which was gathered with the rotating drum
camera is shown in Figs. 9, 10, 11, 12, 13, and 14. The streak photographs
which were obtained, such as those shown in Figs. 9 and 11, were extremely
useful because of the enormous amount of information that each one provided.
For example, Fig. 9 and 11 show the shattering of an 1100u droplet when
P1
 = 1 atmos., U2 = 800 ft/sec, M2 a 0.65, q2 = 10 psia, and P1 = 1 atmos.,
U2 a
 1980 ft/sec, M2 = 1.2, and q2 = 110 Asia, respectively. Since 'a 0.125 in.
wide slit was used, the shock front appears to be unusually thick. The
lines extending the length of the photographs are images of the vertical
fiducial markers which were placed one inch apart on the test section
windows.
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These streak photographs clearly demonstrate the continuous nature of the
shattering process under both subsonic and supersonic flow conditions. Each
photograph reveals that the displacement traced out from the motion of the
shadow cast by the forward stagnation point is a smooth, continuously varyi.ig
function of time. In other words, no aurupt changes in the local shape of the
displacement curves are visible. On the basis of these observations, it
seems reasonable to conclude that both the droplet mass and frontal area are
also smooth fun:tions of time; othjrwise, one might expect to ciserve dis-
continuities in the shape of the displacement curve. The results of these
experiments, therefore, do not ccmpletely confirm those of Nicholson s who
reported a discontinuity in his displacement data which was interpreted as a
sudden increase in droplet acceleration and defined as the breakup time.
Since Nicholson used a Fastax camera whose interframe time was 80 usec,
his displacement data suffered from a lack of good time resolution which may
explain the interpretation of the results.
Tracings of the streak photographs are presented in Figs. 10 and 12 to
show the displacement (x) and time (t) scales, and to identify the particle
path, the drop trajectory, and the point (X, t) at which the local slope
of the displacement curve '.s equal to 95% of the cr.ivective flow velocity,
U2 , behind the shock front. The important influence of the dynamic pressure
on the rate at which the shattering occurs can be appreciated by comparing
these two figures. For example, in Fig. 10 where q2 = 10 psia, the stripping
process is seen to begin at approximately 50 usec and the drop is accelerated
to a velocity equal to 0.95 U2 --ithin a period of about 700 usec. In
Fig. 12 where q2 = 110 psis, stripping is observed to begin within several
microseconds after contact with the shock and the drop is accelerated to a
velocity equal to 0.95 U2 within a time slightly less than 300 usec. it Is
of interest to note that, in both the subsonic and supersonic cases, the
material which is initially removed from the drop surface is accelerated
almost instantaneously to the particle velocity behind the wave front, thus
giving additional evidence of the small size of these particles. For
example, assuming that the tiny particles are spherical with C D a 1-3, then
their size, calculated using data from Fig. 12, is found to be approximately
10-2u, respectively.
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A number of experiments were run with drop sizes 1000-4000u in diameter
spread over a Mach number range of MS a 1.5-5.7. Some typical displacement
results obtained from the streak photographs are shown, in Fig. 13. The points
at which the local slopes of the displacement curves are equal to 0.95 U2
are designated as (X, T). Referring to Fig. 13, one observes that the
characteristic time T decreases from a value of about 560 usec for MS a 1.52
to a value of approximately 170 usec at MS a 3.21 for the different indicated
drop sizes. The corresponding characteristic distance X varies from about
2 in. to 3.2 in. It is interesting to note that if X(. X/Do) is calculated
it is found to have a constant value approximately equal to X a 50. This is
a rather surprising result when one considers the wide range of conditions
for which it is valid. In other words, over an extremely broad range of
drop size and dynamic pressure conditions, the distance a disintegrating
drop travels while being accelerated up to 0.95 U2 is a constant and
approximately equal to X a 50 Do.
If these curves are replotted in terms of the dimensionless coordinates
(X, T), then we obtain the results shown in Fig. 14. One observes that the
data collapse into a system of similarity curves which appear to have some
parametric dependence on the convective flow Mach number. For example,
setting X = X n 50, the corresponding values of T range from about 6 to
7.5 depending on the value of M2 0 An adequate physical explanation for
the effect of the Mach number on the displacement is complicated by the
complex nature of the shattering phenomenon. Not only is the drop shape
changing rapidly with time, thus altering the external pressure field around
it, but the surface is being simultaneously stripped away which consequently
reduces its mass. The coupled effects, therefore, of a changing drag and
a diminishing mass are manifest in the non-dimensional displacement history,
and any hope of being able to separate the two, for the purpose of giving a
satisfactory rational explanation for the Mach number effect, seems very
slight indeed.
A comparison of the streak and image converter data leads to several
important conclusions regarding the definition of a quantitative breakup
criterion. For example, two different sets of streak and image converter
displacement data are showa and compared in Fig. 15. Since all of the
Sri, -^. :iR:i..: ^•	 ^.v _
parameters are constant except the initial droplet diameters, the differences
between these two sets of data are due entirely to an effect of drop alze.
As one would expect, the small drop possesses less inertia and, hence, it
accelerates more rapidly than the larger one. Furthermore, the breakup time
(tb ) of the small drop is approximately one-half that of the large one.
Since the two diameters differ by a factor of two, we conclude that t  • Do.
The agreement between the individual data points and the streaked displace-
ment appears to be rather good, thus indicating that the technique of
finding the W splacement from individual photographs can be employed with
reasonable accuracy.
Referring again to Fig. 15, it is interesting to observe that the local
slope of the streak curves, in the neighborhood of tb , is approximately equal
to 0.60 U2 . In other words, by the time the droplets have been accelerated
to a speed approximately equal to 60% of the convective flow velocity, they
are completely disintegrated. By applying this quantitative breakup criterion
to the streak data, the corresponding dimensionless breakup times (T b ) and
distances (Xb) can be calculated and compared with those found from the image
converter data. The two dimensionless breakup times are plotted in Fig. 16
as a function of the convective flow Mach number for a variety of aerodynamic
conditions corresponding to a Reynolds number range of 13,500 < Re < 413,000
and a Weber number range of 695 1 We < 85,500. The indication is that the
two sets of data agree quite well with one another both in magnitude and
in distribution with M2 . The apparent shape of the T  distribution is
strikingly similar to the drag coefficient curve for a spherical body, however,
this may be just a coincidence and have no real physical significance. The
conc2 ,.,sion to be drawn from Fig. 16 is that the dimensionless breakup time
is relatively constant, Tb - 5, over a wide range of drop size and aerodynamic
conditions. However, there is some indication to suggest that its value
should be slightly lower when M2
 < 1 and a bit higher when
—
M2 > 1.
The corresponding dimensionless distances are plotted versus M2 In
Fig. 17 where one notes from 'the variation that X b is approximately a con-
stant except at the subsonic end of the distribution where it falls off
somewhat from the mean value of Xb a 25.
8
4. CONCLUSIONS
The resulta of the study presented here indicate that the impact by a
strong shock wave is an insignificant element in producing the aerodynamic
shattering of liquid drops. The main function of the shock is to produce
the high speed convective flow which is responsible for the ensuing disin-
tegration. Under the conditions of high dynamic pressure, breakup begins
almost instantaneously following interaction with a shock front. A drop
which is originally spherical is deformed into a planetary ellipsoid with
its mayor axis perpendicular to the direction of the flow. The shearing
action exerted by the high speed flow causes a boundary layer to be formed
in the surface of the liquid. These studies further support the fact that
the breakup time is proportional to the drop diameter, inversely proportional
to the velocity, and proportional to the square root of the liquid to gas
density ratio, and they reveal a secondary Mach number effect on the breakup
time and distance.
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al a speed of sound in driven section
a2 a speed of sound In convective flow
C
D
n drag coefficient
Do a initial droplet diameter
MS a incident shock Mach number (n US/al)
M2 a convective flow Mach number ( n U2/a2)
P1 a driven section initial pressure
q2 a convective floe dynamic pressure ( n 1/2 p2U1)
Re n Reynolds number (' P2U2Do/1'2)
t a time
t  a breakup time; time to accelerate to 0.6 U2
T a dimensionless time (a [U2/Do][p2/pl] 1/2t)
T  n dimensionless breakup time (n [U2/Do) [ p2/pRJl/2tb)
US a incident shock velocity
U2 a convective flow velocity
W a Weber number ( n p2U2Dola)
e
x a displacement
X n dimensionless displacement ( a x/Do)
U2 a convertive flow viscosity coefficient
P2 a convertive flow density
pSt
a droplet density
a • droplet, surface tension
T a time when droplet velocity a 0 .95 U2
T dimensionless time (a [U2/Do) [
p2/p0l/2T)
X n displacement vhcL %-zplet velocity n 0.95 U2
X a dimensionless displacement (' X/D0
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